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1 | INTRODUCTION

The increase in the use of power electronic devices,
traction and variable speed drives, induction motors, arc
welding equipment, and solid-state energy conversion
devices in the industry, and domestic loads has raised the
concern of the investigation of the impact of harmonics
on the network components, especially the underground
cables used in the distribution networks.'” As it is
known, high-, medium- (MV), and low-voltage power
cables are usually used in various transmission and
distribution installations. Voltage and also current
harmonics delivered to the electric networks cause
serious problems for these networks, such as the increase
of conductors' losses, deterioration of capacitors used in
improving power factor, transformers overheating, mal-
function of protective relays and circuit breakers opera-
tion, and, finally, errors in electric power and energy
measurement devices.*® The additional losses, which are
produced by harmonics, increase the temperatures of
distribution transformers, as well as the low and medium
cables of the distribution networks.'° Some standards
overlooked the influences of harmonics on the cable's
current capacity assuming a balanced three-phase.'’™*®
The accurate calculation of the cable capacity, carrying a
nonsinusoidal load, is essential to re-evaluate the cable
capacity to protect the cable insulation from thermal
failure and for resetting the protective overcurrent relays.
The neutral current of low-voltage cables, as well as the
sheath current of medium cables, may be increased or
greater than the phase current when the zero-sequence
current, third harmonic, is presented.® This actuality
causes an overheating of the neutral conductor of low-
voltage cable and the metallic sheath (screen) of the MV
cables unless the neutral or the sheath is properly sized.
Sakis Meliopolous and colleagues'”'® proposed mathe-
matical expressions for considering the losses resulting
from harmonics in the cable loading. Some authors used
different algorithms to calculate the cable conductor

single-core cable. It is observed also that with the increase of the soil thermal
resistivity, the ratio of (61/6without harmonics) T€ached about 1.2 times at 2.5 K m/
W soil thermal resistivity. In addition, it is also observed that the impact of
harmonics leads to a percentage reduction in the derating factor of the cable
center phase by 11.88%-12.37% depending on the composition of the backfill

cable capacity, derating factors, impact of harmonics, medium-voltage underground cables,

resistance, the cable temperature, and the cable current
capacity in the presence of harmonics.'”*® Practical
recommendations and the requirements of the harmonic
control in electrical power networks are presented in
IEEE Standard 519-1992.2° Hence, limits for harmonic
current are tabulated in IEC1000-3-2.%'

One important issue in the smart grid is to achieve
the requirements of quality levels in electrical energy that
match the installations of electronic switches, the new
technologies of microgrids, inverters, and rectifiers,>**
which are in direct contact with the MV and low-voltage
networks by using power cables. Several efforts have
been made to mitigate the impact of harmonics on the
electric grids.®**® Such methods are the use of reliable
active harmonic filters complying with IEEE 519 and EN
50160 standards,?>?° the use of rectifiers with multiple
pulses, and the use of isolating transformers. Each one of
the mentioned techniques has its merits and demerits,
which were investigated in detail by Senthil Kumar and
colleagues.”**® Gouda and colleagues®>*' pointed out
that the impact of harmonics has to be taken into
account to accurately calculate the safe loading of
underground power cables. Calculations of cable capaci-
ties, including the effects of harmonics, were carried out
by Hiranandani.’? Demoulias et al.*>* presented a method
for the calculation of the capacity of low-voltage power
cables under nonsinusoidal currents. A method for
estimating the influence of harmonics and unbalanced
currents on the capacity of concentric neutral cables was
presented by Yong and Xu.** The method of calculations
of low-voltage cable capacity under nonsinusoidal
currents was proposed by Demoulias.*”

In this paper, thermal analysis is carried out
depending on the thermal equilibrium at each node of
the thermal circuit of the MV cable. MV cable is defined
as a cable that has a voltage rating between 1 and 30kV.
MV cables are usually solidly grounded without inter-
changing the cables’ screens of the different phases; the
cable metallic screen is directly connected to ground
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potential at both ends by the use of cable terminations.
Sheath bonding methods or cross-bonding grounding
schemes are largely used in high-voltage cables, and they
are very common for cables above 72.5kV rating.

The impact of harmonics on the cable temperature
and its current capacity are inspected with and without
the existence of third, fifth, and seventh harmonics. The
credibility of the proposed technique is confirmed by
comparing the results obtained with the measurements
done on cable feeding nonlinear loads. The impact of
harmonics on the cable derating factor for different
backfill soil compositions are investigated. The cable
derating factor is evaluated when the cable is loaded by
nonlinear loads with several harmonic orders. Finally,
the proposed method investigates the influences of the
cable current harmonics as well as the thermal resistivity
of the backfill soils on the temperatures of the cable
components.

To prove the credibility of the suggested algorithm, the
cable phase's temperature is measured. It is found that the
calculated temperatures by the use of the proposed
method, using the finite element method (FEM), and the
measured values are very close. One merit of the suggested
process is that different proportions of harmonics can be
considered on each phase of the cable separately, and the
heat exchange between the cable phases and the cable
sheath is also taken into consideration.

2 | THERMAL MODEL
DESCRIPTION OF

MV UNDERGROUND POWER
CABLES

2.1 | Thermal model analysis

The proposed algorithm depends mainly on the thermal
equilibrium at each node of the cable thermal circuit as
shown in Figure 1, which simulates the medium cable
system in flat formation. This model is suitable for use in
the case of MV and high-voltage cables, as it takes into
account the losses in the insulation material and the
outer sheath, which were neglected in the low-voltage
cables model.*® Also, the thermal resistance of the soil
between the cables in the flat formation has been taken
into account™

Tj;

N . 0.
_— [e,_el] o W
j=1

Equation (1) represents the thermal equilibrium at
each node of the cable thermal circuit as illustrated in

®) O O

D Images
Soil surface
D
s ©,0
i 1
Cables

FIGURE 1 Medium-voltage cable in flat formation: (A) the
thermal circuit of the cable in flat formation and (B) its configuration.

Figure 1, where W, is defined as the summation of cable
losses at node i, 6; — §; is the temperature difference
between every two nodes, and T; is the thermal
resistance between every two nodes. Referring to
Figure 1, there are three thermal paths for heat loss in
each phase of the cable. In phase A, the first path is
through thermal resistance (T;;) in the direction of the
air temperature, the second is in the direction of phase B
through thermal resistance (T;,), and the third is in the
direction of phase C through the thermal resistance (T73).
Similar paths are shown in Figure 1 for phases B and C.
T1a, T2, and Ty, are the thermal resistances between
phases A, B, and C and ambient (they are equal and
shown in Figure 1 as T,). Applying Equation (1) to the
case under study, at the hth harmonic, gives a set of
equations, which relate the temperatures, thermal
resistances, and heat sources, as well as the thermal
coupling, between the three phases of the underground
MV cable, as illustrated in Equation (2)

1 -1 -1 6,
Won e |Pe® T Pa®FE g
— -1 ea
o w0 = Wah) + WaWF + 1|,
-1 -1 1 ||65(h) 6,
nO T Wes(h) + Was(WF + 7

()

The losses W,,(h), W,,(h), and W;(h) are the copper
losses of each phase in the presence of harmonics.
Wai(h), Was(h), and Wys(h) are the dielectric losses of
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each phase in the presence of harmonics. F is a factor
that has been defined in Equation (11). Hence,
an increase in the cable core temperatures in the three
phases due to hth harmonics can be obtained by using
Equation (3)

RN

A6 (h) T Ty Ts

-1 1 -1
AW =3 © o
AG(W)| |-t -1 1
|51 T Ty

. 3)
War (h) + War (D)F + &

Wea(h) + Waa(WF + -
Wes(h) + Was(WF + -

Then, the cable core temperatures of the three phases
with harmonics can be obtained using Equation (4)

Ou Y= A61(R)
6t2 = ea + Zfz1 AQZ (h) . (4)
O Yhe1 A6s(h)

It is important to obtain the cable core temperatures
by using Equation (4); T; is the self-thermal resistance of
the cable i, and it is obtained by using Equation (5)

1_1, iL
T T Tn ©)

::
-->—~

where

T=l 0+ B+ + 4+ )T,
n

Ta=T+T(A+4+Ak)=T =T =T,

Ty, =T, T13=Ts, and T,3=Ts, are the thermal
resistances between phases A, B, and C as shown in

Figure 1.
1 _ 1 1 11 1 1 1

Ty~ T T3
1

Gy T T B

where T,, T, Tz, and T, are the thermal resistances of
cable dielectric, cable sheath, cable jacket, and backfill
soil, respectively, n is defined as the cable conductors

number, A; and A, are the ratios between the metal
sheath and armoring losses from one side and total losses
in that cable on the other side, respectively. The sheath
temperature at any harmonic order h can be calculated
by using equations:

Osh1 = O — (War(h) + War(h)/2) T, 6)
Oshz = Oz — (Wea(h) + Wi (h)/2) T, (7)
Osnz = O3 — (Wes(h) + Waz(h)/2) Ta. 8)

The proposed thermal model can be generalized to
any cable arrangement, such as trefoil formation, taking
into account changing the values of thermal resistances
T2, Tis, and Tps.

2.2 | Impact of harmonics on the
cables’ derating factors

Once the cable core temperatures of the three phases are
calculated using Equation (4), they should be checked; if
they exceed the permissible maximum operating temper-
ature (90°C), new cable capacities can be obtained and
compared with the previous load currents. The capacities
of the cable's three phases, with the harmonic occur-
rence, can be obtained by using Equation (9)

©)

where 6., 6.,, and 6.3 are the operating temperatures of
cable conductors and §; is defined as given in Equation
(10), as the inverse of the sum of AC resistance at the
harmonic order (h) multiplied by the square of the
modulus «;(h)

1

b= e (10

2T+ (1 + 4 + A)(Ty + 3Th)

T At A+ AT+ LA+ A+ D
where a;(h) is defined as given in Equation (12)
L(h
a;(h) = L) ) (12)
Iz fund
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where I;(h) is the hth harmonics current of cable ith, and
I fung is the fundamental current of cable ith.

The re-evaluation coefficient (derating factor) can be
defined as the ratio between the values of the cable
current in the presence of harmonics at the actual
temperature 9, which can be obtained using Equation
(9), and the cable current when the conductor tempera-
ture reaches 90°C.

The derating factor considering the impact of
harmonics Dy can be obtained by using Equation (13)

_ 10

"~ 1(90)’ (13

H

2.3 | Thermal resistances of the cable
components and backfill soils

According to IEC60287,"" the thermal resistances of the
cable components and the cable backfill soil can be
obtained using Equations (14)-(17), respectively,

ral . .. . .
T = Pa In|-4| is dielectric thermal resistance,
2 Ie

(14)

Fsh | . .
T = Psh In (ih] is the sheath thermal resistance,

2 g

(15)

_ P i . . , .
Ty = — In[—| is the jacket’s thermal resistance,

27 sh

(16)

T, = Psoil 1 4D is the external thermal
2\ D, 17)

resistance.

The thermal resistance between two phases, as shown
in Figure 1B, can be obtained using Equation (18)

Psoil Dij
Ty = Dol | ZH), 1

where p, is the thermal resistivity of cable dielectric, o, is
the sheath thermal resistivity, p; is the jacket thermal
resistivity, o ; the soil thermal resistivity, . the conductor
radius, 7y the insulation outer radius, r; the sheath
outer radius, 7 the jacket outer radius, D the cable laying
depth, d. the conductor diameter, D. the cable outer
diameter, Dj; the distance between the ith cable center and
the center of the image of jth cable, d; the distance
between the ith cable center and the center of jth cable,

and T; the self-thermal resistance of the ith cable, and it is
defined as given in the following relation:

2.4 |
losses

Impact of harmonics on cable

The total conductor loss of each phase at any harmonic
order can be obtained by using Equations (19) or (20):

Wwe(h) = I(h)*rac(h), (19)

We (h) = aiz(h)li,fundzrac (h), (20)

where I(h) is the cable current component that contains
hth harmonic order, I; fynq is the fundamental current of
the cable in RMS, and r,.(h) is the AC resistance of cable
conductor at the hth harmonic in (Q/m). It can be
obtained by Equation (21)

fac (M) = rae (1 + Ys(h) + Y, (W))[1 + a0(6 — 20)],
(21)

where r4. is the DC resistance of the cable conductor at
the ambient temperature in ohms per meter, Y,(h) is the
proximity effect factor, 4,(h) is the sheath loss factor,
Y,(h) is the skin effect factor, which, in IEC60287-1-2, is
defined as

4

X
Yi(h) = —=S
() 192 + 0.8x7
87f (hW)ky1077
xtn = LWL

Fic

where kg is the coefficient factor of the skin effect and
f (h) is the harmonic frequency at order h. Y,(h) is the
proximity factor, which is defined by IEC60287-1-2""

4 2 2

X

Y, (h) = —p4(i) 0.312(ﬁ)
192 + 0.8x3 'S S

1.18
+ - 4 I

L 4027
192 +0.8x; ’

8xf (h)k,1077
Rdc
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in which S is the space in meters between cables' core
axes, k, is the coefficient factor of the proximity effect,
a5 is the coefficient of conductor temperature, 6 the
conductor temperature. The dielectric loss at each
harmonic order is calculated as follows:

Wd(h) = 27f (W)CV? tan 6, (22)

where f(h) means the harmonic order frequency, Vj
depicts the rated voltage per phase, and C represents the
electrical capacitance, which is obtained as follows:

e

where ¢ is the insulator's relative permittivity, D; means
the outer diameter of the insulator, and d. indicates the
conductor diameter in meters. For the calculations of
sheath and armor losses, 4;(h) and A, (h) are considered
as the sheath and armor loss factors that are generated by
each harmonic order of each cable phase, respectively,
according to IEC60287.

3 | CABLE DATA, HARMONICS,
AND CORE TEMPERATURE
MEASUREMENTS

Because the proposed algorithm can be used to study the
impact of harmonics on all medium- and high-voltage
cables, the dielectric, sheath, and armor losses are
considered in the case under the study of 11 kV feeders,
although they can be ignored.

3.1 | Data of the cable under study

The flat configuration of the 11kV cables, which is
usually used in the distribution system, is considered as a
case study in this article. It has consisted of three single
cores. The CYMCAP software (https://www.cyme.com/
software/cymcap/) is used in the simulation of the cable
under study according to International Standards
IEC60287."

Figure 2 shows the construction of the 11 kV single-core
cable; its conductor diameter equals 40.2 mm, insulation
outer diameter is 54.3 mm, sheath outer diameter equals
58.8 mm, and jacket outer diameter is 65.4 mm. The cable-
rated current is 2.04 kA per phase at a laying depth equal to
1m. The backfill material is sandy soil. The thermal
resistivity of this soil type is 1.2Km/W at 35°C air
temperature. The core cable operating temperature is

—— - Conductor, copper, stranded
D=40.2 mm

— Insulation, XLPE (filled)
Th=7.05, D=54.3 mm

— Insu. screen, aluminum tape

Th=2.25, D=58.8 mm

Jacket, PYC
Th=3.3, D=65.4 mm

+ Overall cable diameter=65.4 mm

Voltage= 11.0 kV
Cond. area= 1000.0 mm2

FIGURE 2 Construction of the 11 kV single-core cable. PVC
polyvinyl chloride; XLPE, cross-linked polyethylene.

90°C, and its insulation is cross-linked polyethylene with
polyvinyl chloride cable jacketing. The cable is earthed
from both ends, and no armoring layer is used.

3.2 | Harmonic measurements

Generally, investigating harmonic conditioning of the
lowest orders is appropriate. Utilities and industrial loads
are mainly focusing on harmonics of low orders like
third, fifth, seventh, 11th, and 13th. As it is known,
harmonic analyzers are used in the measurement,
management, monitoring, and analysis of the parameters
of electrical grids such as current, power factor, voltage,
harmonic distortion, and power quality. Most of the
harmonics analyzers are used in measuring the electrical
parameters of three-phase and four-wire asymmetrical
and symmetrical grids and for monitoring the total
harmonic distortion (THD) factor.

In this study, PQ3350 three-phase power and harmonics
analyzer is used in the measurement of harmonics of the
11 kV feeder of an industrial load of Mass food factory at Six
October industrial zone, Egypt. The analyzer complies with
IEC61000-4-7 standard.*® The PQ3350 analyzer has the
ability to measure and analyze voltage and current
harmonic distortion, the current and voltage harmonic
spectrum, K factor for harmonics, and the phase angle
between harmonic voltage and current, up to the 39th
order. The sampling rate of PQ3350 is 128 samples for each
cycle. The harmonic measurements of industrial feeders are
carried out according to IEC61000-3-2.>' The average of the
measured values of the third, fifth, seventh, 11th, and 13th
harmonic orders of phases A, B, and C are illustrated in
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TABLE 1 Harmonic measurements in the tested feeder.

Fundamental Average third Average fifth
Cable phase current (%) harmonic (%) harmonic
A 100 31.5 29.5
B 96 28 28.7
C 97 32 25.29
Cable screen 7 91.5 0

Abbreviation: THD, total harmonic distortion.

Voltage THD

IEEE Limit

00:00 04:48 09:36 14:24 19:12 00:00

Time

VIHD1  =mm-mm- VIHD2  —— =VTHD3 |

FIGURE 3 Voltage harmonic (total harmonic distortion
[THD]) as a function of time.

Table 1. In the cable screen, the third harmonic has existed
as given in Table 1. From the measurements done, it is
observed that the voltage THD values are within the IEEE
limit or even less, as given in Figure 3. The current
harmonic distortion (THD) versus time is given in Figure 4,
and its average value for each phase is shown in Table 1. As
it is noticed, current THD values exceed the IEEE limit.
Note that the reason for the absence of the fifth, seventh,
11th, and 13th harmonics on cable sheaths (see Table 1) is
due to the currents of these frequencies on the three-phase
conductors being balanced. Thus, these currents on the
three sheaths cancel out each other at each frequency and
cannot be captured in the field measurement. In contrast,
the third harmonic-induced currents on the three sheaths
add up due to their zero-sequence nature.

3.3 | Measurement of cable core
temperatures

Thermocouple groups are used for measuring the
conductor temperature of each cable phase. The thermo-
couples are located along the tested length of the cable
(10 m for each phase). The distance between each of the
two adjacent thermocouples was about a meter. Table 2
illustrates the average values of each cable phase
temperature when the cable is loaded by the rated

Average

seventh Average 11th  Average 13th  Average
harmonic (%) harmonic (%) harmonic (%) THD (%)
6.45 0.37 0.25 43.65

6.7 0.51 0.43 40.66

8.5 0.21 0.15 41.67

0 0 0 =

current at 35°C air temperature and 1-m laying depth.
The soil thermal resistivity was 1.2°C m/W.

4 | RESULTS AND DISCUSSION
4.1 | Impact of harmonics on the three-
phase cable core temperatures using the
thermal model

By using the proposed thermal model, Table 2 clarifies
the impact of harmonic orders on the cable phases
temperatures, where AByithout hars AB1, ABs, Abs, A,
and A6y are the difference between the core cable
temperature and air temperature neglecting the influ-
ence of harmonics and after adding the third, fifth, and
seventh harmonics to the 50 Hz current. The calculations
are done at an air temperature of 35°C, the thermal
resistivity of backfill soil was 1.2 Km/W, and when the
cable is loaded by 2040 A and buried at a laying depth of
1m. It is noticed that the harmonic temperature Oy
surpassed the allowable cable temperature (90°C) by
about 14.1°C for phases A and C and 16.2°C for phase B,
while the sheath temperature reached 82.585°C for
phases A and C and 87.633°C for phase B. From
Table 2, it is noticed that the temperature measurements
and the calculations done by using the proposed
algorithm are in agreement. When the cable conductor
temperature exceeds its permissible operating tempera-
ture (above 90°C), it is necessary to either reduce the
cable load or use filters to eliminate harmful harmonics
or replace some of the nonlinear loads of the feeder.

4.2 | Soil decomposition influence on
the temperature of the cable core in the
presence of harmonics

The aim of this section is to study the effect of harmonics
in the case of burying medium-voltage cables in different
types of soils, especially cables installed in flat formations
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TABLE 2 Impact of harmonics on cable core temperatures.
Aewitl-mut harmonics 6H (OC) 6H (OC)
or A6; (°C) AB; (°C) ABs5 (°C) AH, (°C) Ay (°C) Calculated Measured
Cable phase
A 55.569 6.458 6.804 0.319 69.151 104.151 105.5
B 56.974 6.664 6.918 0.52 71.076 106.076 107
C 55.569 6.458 6.804 0.319 69.151 104.151 105.9
Screen (sheath) temperature
A 37.749 4.571 5.043 0.222 47.585 82.585 83.5
B 41.475 5.312 5.42 0.426 52.633 87.633 88
C 37.749 4.571 5.043 0.222 47.585 82.585 83.7

in which the soil plays an important role in the
dissipation of heat resulting from harmonics; this issue
was not previously studied. Table 3 illustrates the
influence of different soil components on the (phase B)
temperature when harmonics influences are considered.
Phase B is selected because it is the hottest one of the
cable phases as it is illustrated in Table 2. The
specifications of the backfill soil are measured by using
a similar technique that is proposed by Gouda et al.*”~**
The experimental data are originally presented in Gouda
et al.*® In Table 3, p4y is the dry thermal soil resistivity,
Pwet 1S the wet thermal resistivity of the soil, 6, is the
critical soil temperature, and pf is the soil suction
tension; it is defined as: pf = log(—100¢) (24), where (@)
means the moisture potential.

According to the proposed technique by Gouda
et al.,>”° the tests were conducted to measure the
thermal resistance of each soil separately while the soil
suction tension was changed to be 1, 2, and <
sequentially by changing the water column of the device
used in the laboratory. The measured values are
illustrated in Table 3. The importance of using the
suction tension in this article as a variable factor is that it
illustrates the impact of the water table level influence on

the soil in different yearly seasons. Usually, the suction
tension in winter can be taken as 1, while it can be
considered as e in summer.

In other seasons, the suction tension value is taken 2.
As shown in Table 3, the cable core temperature has a
significant increase in summer (pf = <o) compared with
other seasons (pf =1 in winter and 2 in other seasons).

From Table 3, it is noticed that the presence of
harmonics increases the cable core temperature, regard-
ing the surrounding soil composition. The combination
of the presence of harmonics in the cable core and the
formation of a dry zone around the cable increases the
cable core temperature to severe values. In summer
(pf =o0), it reached 152.162°C, 139.053°C, and 133.375°C
when lime, sand, and silt + sand are used as backfill
materials, respectively.

In general, the impact of the soil thermal resistivity on
the cable operating temperature can be illustrated as given
in Figure 5. This figure shows the relation between the ratio
of the cable core temperature with harmonic impact and
ignoring the influence of harmonics By /Bwithout harmonics)-
As it is observed, with the increase of the soil thermal
resistivity, the ratio of (g /Owithout harmonics) r€aches about
1.2 when soil thermal resistivity equals 2.5 K m/W.
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GOUDA ET AL.

TABLE 3 Temperature of phase B conductor loaded by its rated current for different backfill soils without and with the impact of
harmonics, 11 kV cable rating.

Cable core temperature at 2040 A (°C)

11kV
With harmonics Ignoring harmonics
Pary Pwet Without With Without With
Soil type (°Cm/w) (°C m/w) &, of dry Zone dry Zone dry Zone dry Zone
Lime 2.35 0.941 62 = 93.338 152.162 81.885 129.128
1.8 0.85 56 2 89.539 129.2 78.833 110.687
1.7 0.76 58 1 85.781 125.025 75.816 107.334
25% Lime + 75% sand ~ 1.304 0.522 62 o 75.845 108.493 67.835 94.056
1.22 0.50 60 2 74.926 104.986 67.098 91.239
1.02 0.48 58 1 74.091 96.636 66.427 84.533
Clay 1.586 0.627 60 = 80.228 120.266 71.356 103.511
1.53 0.61 58 2 79.519 117.928 70.786 101.634
1.51 0.60 58 1 78.321 117.093 70.212 100.963
Sand 2.036 0.968 62 oo 94.465 139.053 82.79 118.6
1.7 0.75 56 2 85.364 125.025 75.48 107.334
1.46 0.73 58 1 84.132 115.005 74.721 99.287
Clay + silt + sand 1.69 0.83 60 o 88.704 124.608 78.163 106.998
1.6 0.756 58 2 85.614 120.85 75.682 103.981
1.469 0.705 64 1 83.485 115.381 73.971 99.588
Silt + sand 1.9 0.756 56 o 85.614 133.375 75.682 114.04
1.68 0.66 54 2 81.606 124.19 72.463 106.663
1.5 0.67 60 1 82.024 116.675 72.798 100.628
12 4.3 | Impact of harmonics on the cable
derating factor
119 ¢
= Table 4 illustrates the impact of harmonics on the
°\°E 1187 current capacity of phase B (center phase) at different
8 backfill soil compositions and different yearly seasons
SR (change in suction tension). The calculations are done by
o .
= using the proposed thermal model.
@ 116r ] It is clear that the combination of the presence of
harmonics in the cable core and the formation of a dry
5T 1 zone around the cable reduces the cable current
capacity regardless of the soil components surround-
“405 1 1‘5 2 25 ing the cable. By dividing the current of the center
Thermal resistivity of soil,(K.m/W) ca"ble core with harmonics in cases of wet and dry
soils by the value of core-rated current at temperature
FIGURE 5 (Ou/Owithout harmonics) s @ function of the thermal 90°C, the derating factors can be calculated as
resistivity of the backfill soil. follows:
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TABLE 4 Influence of harmonics on the center phase of cable
current capacities at different backfill soil compositions at 35°C
ambient temperature, 11 kV cable rating.

Current capacity of the cable in (kA)

Without
harmonics

With harmonics

With With
Without dry Without dry

Soil type dry zone zone dry zone zone
Lime 1.984 1.4 2.221 1.567
2.052 1.561 2.297 1.748
2.126 1.597 2.38 1.788
25% Lime 2.371 1.768 2.654 1.979
R o 1811  2.684 2.028
2.423 1.93 2.712 2.161
Clay 2.253 1.641 2.522 1.837
2.271 1.664 2.542 1.863
2.271 1.673 2.542 1.872
Sand 1.965 1.486 2.2 1.663
2.135 1.597 2.39 1.788
2.135 1.694 2.39 1.897
Clay + silt + sand ~ 2.068 1.601 2.315 1.792
2.13 1.636 2.384 1.831
2.176 1.69 2.436 1.892

Silt + sand 2.13 1.528 2.384 1.71
2.219 1.605 2.484 1.796
2.21 1.677 2.473 1.877

I (with harmonics)
Dyiith harmonics = ) (24)

1(90)

in which Dyjit harmonics r€presents the derating factor
caused by the impact of harmonics

I (without harmonics)

Dy ics = > 25
without harmonics 1(90) ( )

where Dyjthout harmonics Means the derating factor ignor-
ing the impact of harmonics.

The calculations of the derating factors of the cable
center phase with and without the presence of harmonics
are presented in Table 5. From this table, it is observed
that the occurrence of harmonics has a respectable
impact on the cable current, especially when it is buried
in soil with high thermal resistivity during the summer
season (pf =oo).

In Table 5, the impact of harmonics on the cable
derating factor is calculated using Equation (26)

% Change in derating factor due to the impact of harmonics

_ I(without harmonics) — I (with harmonics) (26)
B I (without harmonics) '

It is noticed in Table 5 that the percentage reduction in
the derating factor of the center phase (B) caused by the
impact of harmonics differs between 11.88% and 12.37%
depending on the soil composition that is surrounding the
cable. In general, the ratio between the current of the center
cable core at the permissible maximum operating tempera-
ture (90°C) and the current calculated in the presence of
harmonics at different soil resistivities is given in Figure 6 at
an ambient temperature equal to 35°C. Figure 7 clarifies the
impact of the cable laying depth on the ratio between the
cable conductor temperature in the presence of harmonics
and the maximum permissible conductor temperature of
the cable for the 11 kV cable. According to IEC60287, the
laying depth of medium-voltage cables is between 0.8 and
1.5 m. Table 6 illustrates the impact of the cable laying depth
on the conductor temperature in the presence of harmonics.
From Table 6, it is clear that with the increase of the cable
laying depth from 0.5 to 1.5 m, the temperature of the cable
conductor increases from 94°C to 110°C.

4.4 | Effect of axial spacing between
cable phases on the cable core temperature

Table 7 illustrates the effect of the axial spacing between
cable phases on each phase temperature when the
harmonics are taken into consideration. It is clear that
the axial spacing between the cable phases has a slight
effect on its operating temperature; when the axial spacing
between cables increases from 127 to 200mm, the
operating temperature decreases from 106.076°C to
105.867°C. From Figure 7, it is observed that with the
increase of air temperature (6,) from 30°C to 45°C, the ratio
between the conductor temperatures in the presence and/
or absence of harmonics (6y/6witmout har) iS increased.

5 | MAP OF THE CABLE
ELEMENTS AND ITS BACKFILL
SOIL TEMPERATURES USING
COMSOL MULTIPHYSICS
PROGRAM AND FEM

As it is known, the cable length is usually larger than its
laying depth, so the issue becomes a two-dimensional
heat conduction problem. To solve the problems of
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TABLE 5 Summary of derating factors of the center phase with harmonics and without harmonics at 35°C ambient temperature.

pfsuction Dyw of the center
Soilmaterial tension phase with harmonics
Lime oo 0.686
2 0.765
1 0.782
25% Lime + 75% sand oo 0.866
2 0.887
1 0.946
Clay oo 0.804
2 0.816
1 0.816
Sand oo 0.728
2 0.782
1 0.830
Clay + silt + sand oo 0.784
2 0.801
1 0.828
Silt + sand oo 0.749
2 0.786
1 0.822
1.2 T
1.1r 1
<§ il |
B
% 09r 1
08 r |
0.7 ' : '
0.5 1 1.5 2 25

Thermal resistivity of soil,(K.m/W)

FIGURE 6 (I(with harmonics)/I(90)) versus the thermal

resistivity of the backfill soil.

underground cables using the FEM in the case of steady-
state thermal equilibrium, Equation (27) can be used"

o100

o106
—|-= =0, (27
} oy | p Oy )

ox|p ox

where 0 is defined as the temperature of point (x, y), p
denotes the thermal resistivity of the medium in K m/W,

Dyp of the center phase % Change in derating factor due
without harmonics to the impact of harmonics
0.768 11.9
0.856 11.89
0.876 12.02
0.970 12.009
0.994 12.06
1.059 11.94
0.900 11.94
0.913 11.88
0.917 12.37
0.815 11.95
0.876 12.02
0.929 11.92
0.878 11.98
0.897 11.98
0.927 11.95
0.838 11.88
0.880 11.95
0.920 11.92
1.4 T :
-
" ="
- -
131 " 1
g
_ R et
2 V4 - et '
E 121k ““lll
s 7
2 1
Y T 9a=35
| 6,240/ |
-_—- 03:45
09 Il 1
0.5 1 1.5 2
Depth of cables (m)
FIGURE 7 Impact of the cable laying depth on the ratio

between the cable conductor temperature in the presence of
harmonics and the maximum permissible conductor temperature
of the cable for an 11 kV cable.

and g represents the heat generated by the cable losses
per unit volume in W/m>. In any homogeneous area of a
specified thermal resistivity and heat generation rate, the
temperature at point (x, y) in the region subjected to
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specified boundary conditions can be obtained by solving
Equation (27). The power cable and its surrounding
backfill material can be divided into very small triangles,
forming a mesh as illustrated in Figure 8. Adiabatic
boundaries are set on both left and right sides far away
from the cable and the top and the bottom of the
installation (i.e., heat flux equals zero). The interface
boundary between the soil and the air is considered a
thin layer boundary, which is used to define the thermal
resistivity and thermodynamic properties of this inter-
face. The soil surface is simulated as an isothermal
boundary at air temperature. This set of boundary
conditions results in a negligible mistake in temperature
calculations. The maps of the temperature distribution of
the cable elements and its backfill soil are carried out
using the FEM and COMSOL multiphysics program.**!

The influence of the external environmental condi-
tion is simulated by the variation in air temperature
surrounding the cable route, which in turn is reflected in
the temperature's distribution of the cable components
and the cable backfill soil, as shown in Figure 9 at
30°C and 40°C air temperatures.

with and without the impact of harmonics. The cable
current is 2.04 kA per phase, and the cable is buried at a
laying depth equal to 1.5 m in the sandy soil; the thermal
resistivity of the backfill soil was 1.2 Km/W in Figure 10
and equal to 2Km/W in Figure 11, respectively. The
ambient temperature is 35°C. Comparing Figures (A)
and (B) of Figures 9, 10, and 11, it is observed that a
significant increase in the cable core temperature is
carried out in the harmonic occurrence compared to its
absence. Finally, it is observed that the obtained
results are in good agreement with both the measured
results and analytical results that are given by the
proposed analytical method. The external dimensions
of the computational domains of Figures 9, 10, and 11
are (10 m X 8 m), more sizes gave similar results. The
dimensions shown in these figures are zoomed in the
figures to show the temperature of the cable and
surrounding soils accurately.

Figures 10 and 11 illustrate the temperature distribu- 0.8
tion of the cable components and the backfill soil only, 0.67
without the part of the air that surrounds the cable route, 0.47
0.27
o
TABLE 6 Impact of the cable laying depth on the cable -0.27
conductor temperature in the presence of harmonics. -0.47]
Cable laying depth D=05m D=1m D=15m 0.6
B temperature (°C) 94.001 104.151  110.087 '0'8_
-1
6118, temperature (°C) 94.012 106.076  110.123 12
B11.C.temperature (°C) 94.001 104.151  110.087 1.4
-1.67]
eH.sheath,temperamre (OC) 1.87
A 74.537 82.585 87.346 27
B 77.667 87.633 90.976
C 74.537 82.585 87.346 .. .
FIGURE 8 Finite element method modeling.
Cable phase s=127mm s=150mm s=175mm s=200mm TABLE 7 Effect of the axial spacing
between cables on the core cable
Bu.a (°C) 104.151 104.091 104.027 103.963 temperature.
Onp (°C)C 106.076 106.001 105.938 105.867
Bu.c (°C) 104.151 104.091 104.027 103.963
6H.sheath,temperature (OC)
A 82.585 82.537 82.487 82.436
B 87.633 87.571 87.519 87.46
C 82.585 82.537 82.487 82.436
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FIGURE 9 Temperature distribution of the cable components and the backfill soil with the impact of harmonics on sandy
soil (py,; =1.2 Km/W): (A) air temperature 30°C and (B) air temperature 40°C.
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FIGURE 10 Temperatures distribution of the cable components and the backfill soil with and without the impact of harmonics on wet
sandy soil (p,,; =1.2 Km/W): (A) without and (B) with the influence of harmonics.
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FIGURE 11 Temperature distribution of the cable components and the backfill soil with and without the impact of harmonics on dry
sandy soil (p,,; =2 Km/W): (A) without and (B) with the influence of harmonics.
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6 | CONCLUSIONS

This article is characterized by a study of the thermal
effect of harmonics on cable loaded by nonlinear loads
for medium-voltage cables. The effect of the soil
components surrounding the cable was taken into
account during the year's seasons. The calculated results
are confirmed by site measurements. In this paper, the
proposed algorithm based on the heat equilibrium of the
nodes of the thermal circuit of a medium-voltage cable
system is used to investigate the impact of harmonics on
the performance of the medium-voltage underground
cables in flat formation.

From the obtained results, it is concluded that
the impact of harmonics on the underground power
cable temperature have been considered to re-evaluate
the cable capacity and avoid the thermal failure of the
cable insulation.

It is noticed that the combination of the presence of
harmonics in the cable core with the formation of a dry
zone around the cable increases the cable core tempera-
ture to severe values and has a significant influence on
the cable current, especially when it is buried in the soil
of a high thermal resistivity at summer season (pf = oo).
The core temperature reached in summer (pf=c) to
152.162°C, 139.053°C, and 133.375°C when lime, sand,
and silt+ sand are used as backfill materials, respec-
tively, rather than 90°C. It is observed also that with the
increase of the soil thermal resistivity, the ratio of
(Bu /Bwithout harmonics) reaches about 1.2 times when soil
thermal resistivity equals 2.5 K m/W.

In addition, it is noticed that the percentage reduction
of the derating factor of the center cable caused by the
impact of harmonics differs between 11.88% and 12.37%
depending on the backfill soil composition. Using the
proposed algorithm can save laboratory measurements,
which usually require a long time and costly prepara-
tions. This algorithm can also be used in the investigation
of the impact harmonics on cables in trefoil formation.
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